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SUMMARY 

A metallurgical study of iridium versus iridium-40 percent rhodium thermocouple 
was performed. The purpose of this study was to investigate the problems associated 
with the use of this thermocouple for high temperature applications (up to 2000°C). 

. 

The metallurgical studies included x-ray, macroscopic, resistance, and 
metallographic studies. The thermocouples in the as-received condition from the 
manufacturer revealed large amounts of internal stress caused by cold working during 
manufacturing. They also contained a large amount of inhomogeneities and 
segregations. No phase transformations were observed in the alloy up to 1100°C. 

It was found that annealing the thermocouple at 1800°C for two hours, and then 
at 1400°C for 2 to 3 hours yielded a fine grain structure, relieving some of the 
strains, and making the wire more ductile. It was also found that the above 
annealing procedure stabilized the thermal emf behavior of the thermocouple for 
applications below 1800°C (an improvement from f 1% to f 0.02% within the range of 
test parameters used in this study). 

INTRODUCTION 

Measurement of settling chamber temperature and total temperatures in high 
temperature wind tunnel facilities, up to 1800"C, has been most commonly done with 
uncooled thermocouple probes. Platinum-rhodium alloy thermocouples have been used 
for measuring temperatures in the range 1300-1800°C. Measurement of temperature up 
to 2000°C in oxidizing atmospheres is possible with iridium-rhodium alloy 
thermocouples, although a number of problems affect their use. These problems 
inc lude : 

1. Lack of agreement with standard calibration tables. 

2 .  Lack of agreement between thermocouples from the same lot of wire. 

3 .  Change of calibration with time-in-service. 

4. 

Change of calibration in service has been attributed to selective oxidation of 

Susceptibility to breakage after high temperature exposure. 

iridium from the alloy (ref. 1 ) .  The iridium oxide then evaporates and leaves the 
wire, leaving a reduced iridium content. 
alloy for this investigation is based on the peak thermoelectric sensitivity of the 
iridium alloy occuring at 50 percent rhodium, so that the thermocouple will stay 
nearer its original calibration for a longer time. 
for this alloy. 
such as: 

The selection of the 40 percent rhodium 

Also the melting point is higher 
The other factors are likely to result from manufacturing variables 

1 .  
thermocouple. 

Addition of dopants to adjust the thermoelectric sensitivity of the 



2 .  Addit ion o f  dopan t s  t o  a f f e c t  t h e  c r y s t a l  s t r u c t u r e  of  t h e  material  so as 
t o  a c h i e v e  b e t t e r  r e s i s t a n c e  t o  b r i t t l e  f r a c t u r e  a f t e r  h i g h  t empera tu re  exposure.  

3. V a r i a t i o n s  i n  rhodium c o n t e n t  i n  a g iven  a l l o y  m e l t .  

4. Contaminants t h a t  occur  d u r i n g  t h e  m e l t  phase and d u r i n g  t h e  w i r e  drawing 
phase.  . e 

5 .  Annealing of t h e  w i r e ,  a f t e r  f a b r i c a t i o n .  

T y p i c a l  results at  NASA Langley Research Center  have shown a 10 p e r c e n t  lower 
t h e r m o e l e c t r i c  s e n s i t i v i t y  than  t h e  s t a n d a r d  t a b l e z  ( r e f .  21,  and v a r i a t i o n s  of  up 
t o  30 p e r c e n t  from t h e s e  t a b l e s  have been observed . S i n c e  many of t h e s e  problem 
areas a s s o c i a t e d  wi th  i r i d i u m  v e r s u s  ir idium-rhodium a l l o y  thermocouples have 
a p p a r e n t l y  n o t  been s t u d i e d ,  a s t u d y  o f  t h e  m e t a l l u r g y  of t h i s  thermocouple was 
unde r t aken .  

" 

BACKGROUND 

When t h e  j u n c t i o n s  of two d i s s i m i l a r  metals forming a c l o s e d  c i r c u i t  are 
exposed t o  d i f f e r e n t  t e m p e r a t u r e s ,  a n e t  e l e c t r o m o t i v e  f o r c e  is g e n e r a t e d  which 
induces  a con t inuous  e l e c t r i c  c u r r e n t  (Seebeck e f f e c t ) .  The Seebeck v o l t a g e ,  E,, 
r e f e r s  t o  t h e  net e l e c t r o m o t i v e  f o r c e  set up i n  a thermocouple under ze ro -cu r ren t  
c o n d i t i o n s .  This t empera tu re  d i f f e r e n c e  between t h e  j u n c t i o n s  of  t h e  thermocouple 
always is accompanied by i r r e v e r s i b l e  j o u l e  h e a t i n g  e f f e c t s .  The passage  of t h e  
e l e c t r i c  c u r r e n t  always is accompanied by r e v e r s i b l e  h e a t i n g  o r  c o o l i n g  e f f e c t s  a t  
t h e  j u n c t i o n s  of t h e  d i s s i m i l a r  metals ( P e l t i e r  e f f e c t ) ,  while t h e  combined 
t e m p e r a t u r e  d i f f e r e n c e  and passage of e l ec t r i c  c u r r e n t  always is accompanied by 
r e v e r s i b l e  h e a t i n g  o r  c o o l i n g  e f f e c t s  a long  t h e  conduc to r s  (Thomson e f f e c t ) .  

The behavior  o f  thermocouples  is governed by t h r e e  e m p i r i c a l  laws. These l a w s  
are  : 

1. Law of homogeneous mater ia l s  - no  homogeneous conductor  p l aced  i n  a 
t e m p e r a t u r e  g r a d i e n t  w i l l  g e n e r a t e  a t h e r m o e l e c t r i c  emf. 

2 .  Law of i n t e r m e d i a t e  mater ia ls  - t h e  a l g e b r a i c  sum of t h e  
thermoelectromotive f o r c e s  i n  a c i r c u i t  composed of  any number of d i s s i m i l a r  
materials is  zero i f  a l l  t h e  c i r c u i t  is  a t  a uniform t empera tu re .  

3. Law of s u c c e s s i v e  t empera tu res  - i f  a thermocouple o f  homogeneous m a t e r i a l s  

and TY and 
produces a thermal emf of E l ,  when t h e  j u n c t i o n s  are at t e m p e r a t u r e s  T1 
a thermal  e m €  of  E2, when t h e  j u n c t i o n s  are a t  t e m p e r a t u r e s  T2 and T3, t h e  e m  
g e n e r a t e d  when the j u n c t i o n s  a r e  a t  T1 and T3, w i l l  be El + E2. 

* 
11 Homogeneous" means t h a t  t h e  material  compos i t ion  is  s p a t i a l l y  uniform i n  a l l  

d i r e c t i o n s .  Cold working, such as bending t h e  c o n d u c t o r s ,  o r  i n  f a b r i c a t i n g  t h e  
c o n d u c t o r s ,  may be thought of changing t h e  material  d e n s i t y  and v a r y i n g  t h e  l o c a l  
homogeneity of a thermocouple conduc to r .  Anneal ing t h e  conductor  is  i n t e n d e d  t o  
r e l i e v e  t h e  s t r e s s e s  of f a b r i c a t i o n  and rehomogenize t h e  c o n d u c t o r s .  

* Edwards, S. F., and S t e w a r t ,  W. F. ;  P r i v a t e  Communications 
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METALLURGICAL STUDIES 

The m e t a l l u r g i c a l  s t u d i e s  were c a r r i e d  ou t  on samples o f  i r i d i u m  v e r s u s  
ir idium-40 p e r c e n t  rhodium thermocouple i n  t h e  a s - r ece ived  c o n d i t i o n  from t h e  
manufac tu re r .  U n f o r t u n a t e l y ,  no at tempt  w a s  made i n  de t e rmin ing  t h e  p u r i t y  of  t h e  
samples .  The m e t a l l u r g i c a l  s t u d y  c o n s i s t e d  of f o u r  d i f f e r e n t  phases:  

1. X-Ray s t u d i e s  t o  i d e n t i f y  the phases  p r e s e n t .  

2 .  Macroscopic s t u d i e s  t o  l e a r n  t h e  m a c r o s t r u c t u r e .  

3. R e s i s t a n c e  s t u d i e s  t o  i n v e s t i g a t e  p re sence  of  phase t r a n s f o r m a t i o n s .  

4. Me ta l log raph ic  s t u d i e s  t o  reveal t h e  i n t e r n a l  s t r u c t u r e .  

The a s - r ece ived  thermocouple samples were x-rayed i n  o r d e r  t o  i d e n t i f y  t h e i r  
phases ,  c r y s t a l  s t r u c t u r e ,  and l a t t i c e  pa rame te r s .  The x-ray d i f f r a c t i o n  a n a l y s i s  
was conducted u s i n g  a General  E l e c t r i c  x-ray t u b e  model XRD-IV o p e r a t e d  u s i n g  a 
copper  t a r g e t  and a n i c k e l  f i l t e r .  The a n a l y s i s  of t h e  d i f f r a c t i o n  p a t t e r n  of t h e  
a s - r ece ived  iridium-rhodium sample r evea led  i t  t o  be a s i n g l e  phase a l l o y  of f ace -  
c e n t e r e d  c u b i c  c r y s t a l  s t r u c t u r e  w i t h  a l a t t i c e  parameter  of 3.84 A as i n d i c a t e d  i n  
t a b l e  1. 

Macroscopic s t u d i e s  were c a r r i e d  o u t  i n  o r d e r  t o  s t u d y  t h e  m a c r o s t r u c t u r e  of 
t h e  ir idium-rhodium a l l o y .  The as-received sample r e v e a l e d  a f i b e r  t e x t u r e  
i n d i c a t i v e  of d i r e c t i o n a l  f low of the g r a i n s  a long  t h e  l o n g i t u d i n a l  a x i s  of t h e  
w i r e .  It was found t h a t  a l a r g e  amount o f  i n t e r n a l  stresses caused by c o l d  working 
d u r i n g  manufac tu r ing  were p r e s e n t  i n  t h e  a l l o y .  The c o l d  working w a s  severe enough 
t o  have s p l i t  t h e  w i r e  i n t o  s e v e r a l  i n d i v i d u a l  f i b e r s  as shown i n  f i g u r e s  1 and 2. 
It is b e l i e v e d  t h a t  t h e s e  stresses would g r a d u a l l y  annea l  away upon exposure  t o  h i g h  
t e m p e r a t u r e s ,  r e s u l t i n g  i n  a d e c r e a s e  i n  t h e  thermal  emf. An ox ide  f i l m  was 
observed on t h e  s u r f a c e  of some f i b e r s  as shown i n  f i g u r e  3. The ox ide  f i l m  is  
b e l i e v e d  t o  have r e s u l t e d  from e i t h e r  t h e  material  used i n  t h e  p r o c e s s i n g ,  o r  t h e  
manufac tu r ing  p r o c e s s ,  o r  both.  

The a s - r ece ived  sample was sub jec t ed  t o  r e s i s t a n c e  s t u d i e s  i n  o r d e r  t o  
i n v e s t i g a t e  p o s s i b l e  phase t r a n s f o r m a t i o n s .  The measurements were c a r r i e d  ou t  o n l y  
t o  1100°C due t o  t h e  expe r imen ta l  l i m i t a t i o n s .  The r e s u l t s  are shown i n  f i g u r e  4 .  
There were some d e f i n i t e  but  s m a l l  d i s c o n t i n u i t i e s  a t  abou t  680, 835, and 1080°C. 
These d i s c o n t i n u i t i e s  r e f l e c t  t h e  d i f f e r e n t  stages of t h e  a n n e a l i n g  of r e s i d u a l  
s t r a i n .  However, t h e r e  were no i n d i c a t i o n s  of phase t r a n s f o r m a t i o n  w i t h i n  t h e  
t empert  u r e  range s t u d i e d .  

M e t a l l o g r a p h i c  s t u d i e s  were c a r r i e d  o u t  on p o l i s h e d  and e t ched  samples u s i n g  a 
L e i t z  m e t a l l o g r a p h .  
p u r p o s e s  ind i c  a t  ed : 

The f o l l o w i n g  elements were found s u i t a b l e  f o r  t h e  s p e c i f i c  

1. E l e c t r o l y t i c  e t c h a n t  - t h e  e l e c t r o l y t e  w a s  d i l u t e  HCl (3-5 p e r c e n t ) ;  e t c h e d  
a t  0.06 t o  0.1 Amp a t  0.5 t o  2 v o l t s  f o r  3 t o  5 hours .  
t h e  g e n e r a l  m i c r o s t r u c t u r e .  

It was used f o r  r e v e a l i n g  

2. Fused-sal t  e t c h a n t  - a mixture of 10 p e r c e n t  KN03 i n  KOH; e t c h e d  by d i p p i n g  
f o r  5 t o  10 minu tes ;  was used f o r  r e v e a l i n g  t h e  g r a i n  boundary s t r u c t u r e .  
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3 .  Sodium c h l o r i t e  s o l u t i o n  - a s a t u r a t e d  s o l u t i o n ,  e t c h e d  by swabbing 
2 t o  3 m i n u t e s ;  was used f o r  r e v e a l i n g  t h e  s e g r e g a t i o n s  and i m p u r i t i e s .  The as- 
r e c e i v e d  material was found to  c o n t a i n  l a r g e  amounts o f  s e g r e g a t i o n s  and 
inhomogene i t i e s  i n  some areas as shown i n  f i g u r e  5. 

A b l a c k  smoke emanated from t h e  thermocouple w i r e  when i t  was e l e c t r i c a l l y  
h e a t e d .  Some smoke, condensed on a cool glass s l i d e ,  w a s  ana lyzed  by x-ray 
d i f f r a c t i o n ,  and determined t o  be i r i d i u m  ox ide  as i n d i c a t e d  i n  t a b l e  2 .  I r i d i u m  
o x i d e  is  h i g h l y  v o l a t i l e  due t o  i t s  vapor  p r e s s u r e ,  and e s c a p e s  from t h e  mater ia l  
upon h e a t i n g .  This  e f f e c t  r e s u l t s  i n  a g r a d u a l  l o s s  of i r i d i u m  from t h e  a l l o y  which 
a l t e r s  i t s  s t o i c h i o m e t r i c  composi t ion.  The s h o r t  l i f e s p a n  of  t h e  thermocouple i s  
mainly caused by the o x i d a t i o n  of i r i d i u m  and v o l a t i l i z a t i o n  of t h e  i r i d i u m  ox ide .  
The pu re  i r i d i u m  wire i n  t h e  thermocouple o x i d i z e s  a t  a f a s t e r  r a t e  t h a n  t h e  a l l o y ,  
and i s  r e s p o n s i b l e  f o r  t h e  c a t a s t r o p h i c  mechanical  f a i l u r e  of t h e  thermocouple.  

The c a t a l y t i c  e f f e c t  of i r i d i u m  is expected t o  be p r e s e n t ,  p a r t i c u l a r l y  i n  a n  
atmosphere of  incomplete combustion. A c o n s i d e r a b l e  amount of i n f o r m a t i o n  e x i s t s  on 
t h e  c a t a l y t i c  e f f e c t  of n o b l e  metal thermocouples ( r e f s .  3 and 4 ) .  However, no 
d i r e c t  e v a l u a t i o n  of t h e  magnitude of t h e  e r r o r  i n  t h e  r e s u l t a n t  h i g h  r e a d i n g  of t h e  
thermocouple h a s  been t r e a t e d  because of  t h e  m u l t i t u d e  of t h e  pa rame te r s  involved i n  
t h e  a n a l y s i s .  N e v e r t h e l e s s ,  Olsen ( r e f .  5) has sugges t ed  t h a t  t h i s  e r r o r  is a 
f u n c t i o n  of t h e  type and amount of t h e  combust ible  r e a c t a n t s ,  t h e  homogeneity o f  t h e  
gas mix tu re ,  p r o p e r t i e s  of t h e  thermocouple,  t h e  c o n d i t i o n  of t h e  w i r e ,  t h e  
c o n t a m i n a t i o n  poisoning of t h e  thermocouple wires, and l a s t l y ,  t h e  s i z e  of t h e  
wires. 

ANNEALING STUDIES 

The thermocouple samples were annea led  so t h a t  t h e  e f f e c t  of  h e a t  t r e a t m e n t  on 
t h e i r  m e t a l l u r g y  could be s t u d i e d .  The samples were annealed i n  a h igh  t e m p e r a t u r e  
f u r n a c e  a t  t h e  fol lowing t e m p e r a t u r e s  and f o r  t h e  s p e c i f i e d  t i m e  i n t e r v a l s :  

1. 1800°C for  1 ,  1 5 ,  and 30 minu tes .  

2 .  1900°C for  0.5,  1,  3, and 60 minu tes .  

3. 2000°C for 0 .5 ,  1,  3 ,  and 30 minutes .  

Me ta l log raph ic  s t u d i e s  were performed on one of t h e  thermocouples  t h a t  had been 
annea led  a t  2000°C f o r  1 minute .  The sample e x h i b i t e d  l a r g e  r e c r y s t a l l i z e d  g r a i n s  
conf ined  most ly  t o  t h e  s u r f a c e  as shown i n  f i g u r e  6 .  It is b e l i e v e d  t h a t  t h i s  g r a i n  
growth might be the cause of i n c r e a s e d  b r i t t l e n e s s  of  t h e  wires. The b r i g h t  areas 
t h a t  appeared on some of t h e  samples were b e l i e v e d  t o  be zones of inhomogene i t i e s  
and s o l u b l e  i m p u r i t i e s .  These zones,  which are b e l i e v e d  t o  have lower m e l t i n g  
p o i n t s ,  migrate along t h e  wire, and e s s e n t i a l l y  d i s a p p e a r  as t h e  composi t ion becomes 
un i fo rm by t h e  d i f f u s i o n a l  p r o c e s s  of t h e  atomic m i g r a t i o n .  e 

A t  a l l  t h e  annea l ing  t e m p e r a t u r e s ,  t h e r e  w a s  n u c l e a t i o n  of t h e  r e c r y s t a l l i z e d  
g r a i n s  at d i f f e r e n t  t imes,  t h e  t i m e  be ing  s h o r t e r  a t  h i g h e r  t e m p e r a t u r e s .  From a 
s t u d y  of  t h e  percent  r e c r y s t a l l i z e d  g r a i n s  f o r  t h e  d i f f e r e n t  c a s e s ,  it was concluded 
t h a t  t h e  incuba t ion  p e r i o d  of t h e  r e c r y s t a l l i z a t i o n  p r o c e s s  i s  of t h e  o r d e r  of 
30 minu tes .  This  lower t e m p e r a t u r e  was s e l e c t e d  f o r  t h e  e x p e r i m e n t a l  advantage of  
c o n t r o l l i n g  t h e  heat t r ea tmen t  pa rame te r s  w i th  ease. To p reven t  p o s s i b l e  e x c e s s i v e  
g r a i n  growth it was dec ided  t o  h e a t  t reat  t h e  wires f o r  two h o u r s  at 1400°C a f t e r  
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t h e  i n i t i a l  a n n e a l i n g  a t  1800°C, and then  c o o l  t h e  wires t o  room tempera tu re  i n  t h e  
f u r n a c e .  The w i r e ,  annea led  by t h i s  procedure was found t o  be d u c t i l e .  The 
i n t e r n a l  s t r u c t u r e ,  shown i n  f i g u r e  7 ,  c o n s i s t e d  o f  f i n e  g r a i n s  w i t h  some b l a c k  
areas. 
i r i d i u m  ox ide .  It was b e l i e v e d  t h a t  some of t h e  o x i d e s  were i n h e r e n t  i n  t h e  a l l o y  
i n  i t s  manufactured s t a t e ,  as was repor t ed  ea r l i e r ,  and t h a t  some o x i d e s  were formed 
d u r i n g  t h e  a n n e a l i n g  p r o c e s s .  The oxide p a r t i c l e s  were d i s t r i b u t e d  a t  random w i t h  a 
l a r g e  p e r c e n t a g e  of them be ing  l o c a t e d  on t h e  g r a i n  boundar i e s  as shown i n  
f i g u r e  8 .  X-ray s t u d i e s  and me ta l log raph ic  s t u d i e s  under p o l a r i z e d  l i g h t  revealed 
t h a t  most of  t h e  g r a i n s  had random o r i e n t a t i o n .  A f t e r  s e p a r a t i o n  of t h e  i r i d i u m  
o x i d e  l i n e s ,  t h e  a l l o y  was determined,  u s i n g  x-ray t e c h n i q u e s ,  t o  be a s i n g l e  phase,  
f ace -cen te red  c u b i c  c r y s t a l  s t r u c t u r e ,  as i n d i c a t e d  i n  t a b l e  3,  w i t h  a l a t t i c e  
pa rame te r  smaller t h a n  t h a t  found for  t h e  a s - r ece ived  sample.  T h i s  d i f f e r e n c e  is  
b e l i e v e d  t o  be due t o  t h e  release of t h e  l a t t i c e  s t r a i n  i n  t h e  annealed sample. 
T h e r e f o r e ,  it was concluded t h a t  annea l ing  t h e  samples cou ld  c a u s e  pseudo-uniform 
i n t e r n a l  s t r u c t u r e ,  and randomize the g r a i n  s t r u c t u r e .  

These b l a c k  areas were l a t e r  i d e n t i f i e d  by x-ray d i f f r a c t i o n  a n a l y s i s  t o  be  

EMF STUDIES 

It was decided t o  i n v e s t i g a t e  t h e  e f f e c t  of  a n n e a l i n g  on the rma l  emf 
s t a b i l i t y .  The s t u d i e s  were c a r r i e d  ou t  on t h r e e  samples of thermocouples annea led  
a c c o r d i n g  t o  t h e  f o l l o w i n g  procedures:  

1 .  Thermocouple kT1 ,  annealed a t  1800°C f o r  two h o u r s ,  t h e n  t aken  ou t  of  
f u r n a c e  and cooled i n  s t a g n a n t  a i r  t o  room t empera tu re .  

2 .  Thermocouple PT2, annealed a t  1800°C f o r  two h o u r s ,  t hen  s t e p  cooled i n  t h e  
f u r n a c e  t o  1400"C, then  h e l d  a t  t h i s  t empera tu re  f o r  t h r e e  hour s ,  and t h e n  t aken  o u t  
o f  t h e  f u r n a c e  and coo led  i n  s t agnan t  a i r  t o  room t empera tu re .  

3. Thermocouple #T3, annealed a t  1800°C f o r  two h o u r s ,  t h e n  s t e p  cooled i n  t h e  
f u r n a c e  t o  140O"C, t hen  he ld  a t  t h i s  t empera tu re  f o r  three hours and then coo led  i n  
t h e  f u r n a c e  t o  room t empera tu re .  

The expe r imen ta l  arrangement included a Honeywell, s t r i p  c h a r t  recorder (Model 
E l e c t r o n i k  1941, a General  Res i s t ance  v o l t a g e  s o u r c e  (Model DAS-46A1, a K e i t h l e y  
nanovo l tme te r  (Model 1811, a Kay Instruments  ice p o i n t  r e f e r e n c e  s t a n d a r d ,  and a 
Conso l ida t ed  C o n t r o l s  Corpora t ion  copper f r e e z i n g  p o i n t  c e l l  (Model FSP 5 0 5 ) .  

The expe r imen ta l  procedure included t h e  a n n e a l i n g  of t h e  i n d i v i d u a l  
thermocouples  i n  acco rdance  w i t h  the s p e c i f i e d  h e a t  t r e a t m e n t s  i n  a Thermogage 
p a r a l y t i c  g r a p h i t e  f u r n a c e  which was c o n t r o l l e d  by an o p t i c a l  pyrometer.  Then, each 
thermocouple  was i n s e r t e d  i n  t h e  well  of t h e  copper  f r e e z i n g  p o i n t  s t a n d a r d .  
t h e  coppe r  was molten,  i t  was allowed t o  f r e e z e .  
r eco rded  on t h e  s t r i p  c h a r t  r e c o r d e r ,  and s imul t aneous  r e a d i n g s  were t a k e n  a t  
r e g u l a r  i n t e r v a l s  w i th  t h e  nanovol tmeter .  Thermocouple #Tl showed s t a b i l i t y  from 
r u n  6 t o  11 (each run  l a s t i n g  f o r  about 12 m i n u t e s )  as shown i n  f i g u r e  9. Then, t h e  
thermocouple  e x h i b i t e d  approximately a 1 pe rcen t  d e c r e a s e  i n  emf from run 12 th rough  
r u n  14. 
less t h a n  0.5 p e r c e n t .  A b e t t e r  r e s u l t  was demonstrated by thermocouple #T3 which 
e x h i b i t e d  a s t a b l e  emf a f t e r  2 runs ,  t h e  v a r i a t i o n  be ing  0.02 p e r c e n t ,  as shown i n  
f i g u r e  10. 
t h e  d i f f e r e n c e  i n  c o o l i n g  methods used a f t e r  t h e i r  h e a t  treatment. It i s  b e l i e v e d  
t h a t  t he rma l  stresses were introduced i n  thermocouple #T2 by c o o l i n g  i t  t o  room 

A f t e r  
A t he rma l  a n a l y s i s  cu rve  was 

Thermocouple #T2 e x h i b i t e d  a s t a b l e  emf a f t e r  12 r u n s ,  t h e  v a r i a t i o n  b e i n g  

The d i f f e r e n c e  between thermocouples #T2 and a 3  c o u l d  be a t t r i b u t e d  t o  

5 



t empera tu re  i n  s tagnant  a i r  r a t h e r  t han  i n  t h e  fu rnace .  
method used f o r  thermocouple #T3 not  on ly  gene ra t ed  pseudo-uniform i n t e r n a l  
s t r u c t u r e  wi th  a randomized g r a i n  s t r u c t u r e ,  but a l s o  managed t o  s t a b i l i z e  t h e  
thermal  emf behavior  of t h e  thermocouple.  

The annea l ing  and c o o l i n g  

CONCLUSIONS * 

This  s tudy  cen te red  upon ana lyz ing  t h e  me ta l lu rgy  of i r i d i u m  v e r s u s  i r i d ium-  
40 percen t  rhodium thermocouple wi re s .  The as - rece ived  w i r e s  r evea led  a l a r g e  
amount of i n t e r n a l  s t r e s s  caused by c o l d  working du r ing  manufac tur ing ,  and con ta ined  
a l a r g e  amount of s e g r e g a t i o n s  and inhomogenei t ies .  No phase t r a n s f o r m a t i o n s  i n  t h e  
a l l o y  were observed up t o  1100°C. The s h o r t  l i f e s p a n  of  t he  thermocouple i n  h igh  
t empera tu re  a p p l i c a t i o n s  was found t o  be mainly due t o  t h e  o x i d a t i o n  of i r i d i u m ,  and 
t h e  consequent  v o l a t i l i z a t i o n  of t h e  i r i d i u m  ox ide .  It w a s  found then  annea l ing  t h e  
thermocouple a t  1800'C f o r  2 hours ,  and then  at  1400°C f o r  2 t o  3 hour s ,  would 
p reven t  e x c e s s i v e  g r a i n  growth, t hus  y i e l d i n g  a f i n e  g r a i n  s t r u c t u r e ;  r e l i e v i n g  some 
r e s i d u a l  s t r a i n s ,  and making t h e  wi re  more d u c t i l e .  It w a s  found t h a t  t h i s  
a n n e a l i n g  procedure fol lowed by coo l ing  t o  room t empera tu re  i n  t h e  f u r n a c e  
environment would s t a b i l i z e  t o  b e t t e r  than  k 0.02 percen t  t h e  thermal  emf of t h e  
thermocouple f o r  a p p l i c a t i o n s  below 1800°C. 

Langley Research Center 
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t  ion  
Hampton, V i r g i n i a  
December 1986 
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TABLE I.- X-RAY DXFFRACTION RESULTS OF THE AS-RECEIVED WXRE 

Crys t  a1 S t  t u c t u r e  
L a t t i c e  Parameter 

f ace -cen te red  c u b i c  
3.84 2 

Most i n t e n s e  l i n e  ( i .  e. I/X = 100 from (220) d i f f r a c t i o n  plane.  The f i b e r  a x i s  i s  
12201. 

TABLE 11 .- X-RAY DIFFRACTION RESULTS OF THE "BLACK SMOKE" 

C r y s t a l  S t r u c t u r e  
L a t t i c e  Parameter  

t e g r a g o n a l  
4.49 zz 

X d e n t i f i e d ,  by using Hanawal t ' s  method and by c o n s u l t i n g  t h e  I n t e r n a t i o n a l  Powder 
D i f f r a c t i o n  Index  F i l e ,  t o  be XrOg. 

TABLE 1x1.- X-RAY RESULTS OF THE ANNEALED WIH 

C r y s t a l  S t r u c t u r e  of t h e  Al loy  

L a t t i c e  Parameter  3.82 2 
f ace -cen te red  cub ic  

I r i d i u m  d i o x i d e  d i f f r a c t i o n  l i n e s  were p r e s e n t .  They were s e p a r a t e d  from o t h e r  
l i n e s .  The remaining l i n e s  were then  indexed t o  g i v e  t h e  resu l t s  g iven  above. 

*At 1800°C f o r  2 hours and then  1400°C fo r  3 hour s  and fu rnace  coo led .  
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Figure 1.- Macrostructure of the as-received sample indicates work-hardening and 
direct ional  flow. Note the separation of the grains due t o  work-hardening. 
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Figure 2.- Macrostructure of the as-received sample reveals 2 separated fibers. 
Magnification: 100 x 
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Figure 3.-  Macrostructure of the as-received sample. Note the oxide 
layer around the f iber .  

Magnification: 200 x 
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Figure 5.- Microstructure of the as-received sample showing segregations and 
inhomogeneities. Etched surface. 

Magnif icat ion: 200 x 
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Figure 6.- Microstructure of a sample, heat-treated at 20OO0C for 0.5 min. 
Etched with special reagant to reveal recrystallized g r a i n s .  

Magnification: 500 x 
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Figure 7.- The general microstructure of the annealed sample (see test), showing 
recrystallized grains, inhomogeneities and oxides. 

Nagni f icat ion : 500 x 



Figure 8 . -  Microstructure of an annealed sample showing 2 adjacent grains with 
the grain boundary where some oxide par t i c l e s  appear. 

Magnification: 500 x 
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